ABSTRACT Patch antennas with multiple feeds are proposed in this paper. The antennas consist of a traditional square patch and feeding probes that are set in a line orthogonal to the polarization direction. In addition to radiating EM energy just like the conventional antennas, the proposed multi-port antennas can also realize on-antenna power combining without power combiner. Thanks to this, high-line losses and large system size caused by extra power combiner can be avoided. Moreover, since the location and the number of ports have a limited effect on the antenna performances, flexible feeding strategies can be chosen in different applications. For demonstration, four patch antennas with a different number of ports (one port, two ports, three ports, and four ports) are designed at the center frequency of 1.5 GHz. Compared with the traditional one-port patch antenna, the proposed three multi-port patch antennas can achieve nearly the same antenna performance, including bandwidth, polarization, efficiency, and radiation pattern. Besides, one-port antenna and two-port antenna integrated with a two-way power amplifier are designed and measured, respectively. Then, they are compared to further prove the proposed power combining method in multi-port antennas.
I. INTRODUCTION
With the development of wireless communication and millimeter wave systems, demand for high output power antennas is increasing. Due to the limited maximum output power of a single amplifier, an antenna with a single power amplifier, shown in Fig. 1(a) , no longer meets the requirements of high output power. Therefore, power combining is demanded [1] . Fig. 1(b) shows the traditional method for power combining, which is realized by parallelizing several amplifiers. In this way, a power combiner is required to feed the one-port antenna. The line losses and large system size caused by the extra power combiner will be inevitable. Recently, another approach called quasi-optical and spatial power-combining techniques had been extensively investigated [2] - [12] . The model of this approach is depicted in Fig. 1(c) . It can be seen that each element is fed by an amplifier and the extra power combiner is missing due to the use of antenna array. However, the spacing between elements will also lead to a larger antenna array size, which will not apply to size restricted situation such as an on-chip antenna. Besides, in spatial power-combining systems, the antenna array elements must be appropriately chosen and accurately modeled to obtain high power combining efficiency. To overcome the preceding challenges, antennas with multiple feeds for power combining were proposed [13] , [14] . As shown in Fig. 1(d) , a single antenna is directly connected to several power amplifiers. In this design, the power combiner is removed. Therefore, insertion loss caused by the extra circuits is avoided, resulting in better antenna gain and efficiency. Recently, a multi-port concept was demonstrated in [13] . In this case, the feeding network was realized by a voltage controlled oscillator (VCO) with multiple phase shifted outputs placed in the center of the antenna. The 45 o shifted outputs were connected to the feed lines which were coupled to the radiating ring. However, the feeding network needed a complex phase shifter circuit which had a negative effect on the bandwidth, radiation efficiency and system cost. Another multi-port antenna for power combining was presented in [14] . This antenna was fed by four ports which were directly connected to two differential amplifiers for power combining. Since the antenna reflection coefficient for multiple ports had not been calculated and simulated, two differential feeding networks need be designed for this antenna. In addition, arbitrary power combining and flexible feeding strategies cannot be achieved with that approach. Similarly, another three designs about the multi-port antenna had been introduced in [15] - [17] . Without using the complex feeding networks, patch antennas with multiple feeds for power combining are proposed and analyzed in this paper. At first, a conventional one-port patch antenna is studied and optimized, as shown in Fig. 2(a) . In Fig. 2(b) , the same patch antenna with two feeding ports is then presented for power combining, which has a limited effect on the patch antenna performance. Finally, three-port and four-port antennas are investigated for further verification, as shown in Fig. 2(c) and (d) . Without the need of an extra power combiner, power combining can be achieved by the multi-port antenna method. Since the location and number of ports have little effect on the antenna performances, flexible feeding strategies can be chosen for different applications. The power combining mechanism and the reflection coefficient calculation for the multi-port antennas are fully studied in this paper. Simulated and measured results of the proposed four antennas are presented as well. Also, one-port antenna and two-port antenna integrated with a two-way power amplifier are measured and compared. It should be mentioned that the removing of power combiner is of great significance in on-chip antenna design of millimeter wave and terahertz system with a high line loss. The proposed power combining method based on the multi-port antenna in the microwave frequency can provide a solution for the millimeter wave system.
II. MULTI-PORT ANTENNA MECHANISM
In this paper, all the single-ended ports of an antenna are regarded as a general port which defines the input and output of the whole antenna (there is only one transceiver and all the signals in different ports are the same signal). So, the couplings between the single-ended ports have been naturally included. Once the overall reflection is given, there is no need to consider the couplings or isolations between the single-ended ports, which is similar to the differential-fed antenna or circular polarized antenna with two ports. The ''isolation'' or ''coupling'' between the ''+'' and ''−'' ports of a differential antenna will not be considered [18] . A patch antenna with n (n > 1) ports is shown in Fig. 3 . All the ports are fed with the same magnitude and phase. If the excitation power of each port is unit power, namely 1W, the magnitude of the reflection coefficient for the n-port antenna can be calculated by:
where S a ii defined as the general reflection coefficient of each port. According to the superposition principle of electromagnetics [19] , it can be calculated by:
where S(i,j) at the right of (2) represents the transmission coefficient from the j th to i th ports (j = 1 to n), as shown in Fig. 4 . According to the definition of reflection coefficient [19] and the derivation of the reflection coefficient specifically for the three-element sequential rotation array VOLUME 6, 2018 antenna [20] , the square of reflection coefficient magnitude is equal to the total reflected energy divided by the total input energy (n W in this paper). So, the total reflection coefficient for the n-port antenna can be calculated and simulated with (1) and (2). In this way, a multi-port antenna functioning as a radiator and a power combiner can be obtained easily.
III. MULTI-PORT ANTENNAS DESIGN
In this section, four patch antennas with different numbers of feeding ports are studied to illustrate how to realize arbitrary power combining without the need of extra power combiner.
In this work, a dielectric substrate Rogers 4003C with a relative permittivity of ε r = 3.38, a thickness of h = 1.524 mm, a loss tangent of 0.0027 is employed as default to provide a rigorous comparison among the four patch antennas. The key performances for these antennas will be listed together to further verify that the multi-port antenna has a limited effect on antenna performances. All the simulated results are numerically derived with the use of HFSS. The projects are all set as Driven Model in HFSS 14. The ports are all designated as Lumped Port. However, other port types can also be used in this design. 
A. ONE-PORT PATCH ANTENNA
Consider a square patch antenna, as depicted in Fig. 5 . With reference to the figure, the square patch with a sidelength of L = 51.9 mm and the ground plane with a sidelength of G = 80 mm are fabricated on the top and bottom faces of the substrate. The patch antenna fed by a probe operates in TM 01 mode. The feeding probe is set in the y-axis to excite a line-polarization radiation along the y-axis, and it has a distance of D from the center of the patch. When the polarization direction is fixed on the YOZ-plane, there will be only two probe positions which are symmetrical for best impedance matching [21] . As shown in Fig. 5 , optimized positions of D = 8.2 mm or −8.2 mm are obtained. It can be seen from Fig. 6 that the −10-dB impedance bandwidth of this antenna is about 1.0% (1.492−1.507 GHz), that is closed to the computed bandwidth [21] . 
B. TWO-PORT PATCH ANTENNA
Then, the two-port patch antenna is studied. As shown in Fig. 7 , three kinds of structures for the two-port patch antenna are designed. In Fig. 7(a) , two feeding ports are set on the patch antenna arbitrarily. In this way, the line-polarization direction will change. It can be seen that its polarization direction (the direction of the currents on the patch) is not along the y-axis anymore, which does not meet the original design. So, the two ports must be set along the y-axis or symmetrically with the y-axis to maintain the same polarization direction as the one-port antenna, as shown in Fig. 7(b) and (c). When two ports are set along the y-axis, the optimized reflection coefficient is shown in Fig. 8 (Blue line). It can be observed that its impedance bandwidth is narrower than that of the one-port antenna. However, when two ports are set with Fig. 7(c) , a bandwidth similar with that of the oneport antenna can be realized, as shown in Fig. 8 (Red line). The antenna structure of two ports set symmetrically with the y-axis is detailed in Fig. 9 . In order not to lack in rigor, the sizes of the square patch and ground are identical to the oneport antenna. A distance of D 1 = 5.8 mm from the x-axis and D 2 = 12 mm from the y-axis are introduced to the two ports for optimizing antenna bandwidth. The single-ended port reflection coefficients of the two-port antenna are shown in Fig. 10 and Fig. 11 . It can be seen that the active S(1:1) and S(2:1) (the active S denotes the active reflection coefficient of one port for the multi-port antenna) are the same with that obtained with (2) . Because of the symmetry of two ports, the curves of and should be the same. The little difference is caused by the simulation errors.
Besides, in the simulation process for bandwidth optimization, the reflection coefficient magnitude for the two-port antenna can be calculated and simulated by using simplified (1):
where S(1,1) and S (2, 2) respectively denote the single-ended passive reflection coefficient of two ports, S(1,2) and S(2,1) VOLUME 6, 2018 represent the transmission coefficient between two ports. The input powers of two ports are set as 1 W with the same phase. With (3), the simulation process will be faster and more convenient. And the result can be also verified by using the following equation given in [19] :
where the parameter ''AcceptedPower'' means the power that the antenna accepts from the input power. For example, in (4), the number 2 is the total input power for the two-port antenna, (2 − AcceptedPower) is the power reflected, and the reflection coefficient of the two-port antenna is the square of that the power reflected is divided by the input power [19] . The parameter AcceptedPower can be obtained with HFSS. Fig. 12 shows the reflection coefficients achieved by the two simulated methods. They are the same, as expected.
FIGURE 12.
Reflection coefficients achieved by the two simulated methods for the two-port antenna. It should be mentioned that the distance D 2 has a negligible effect on the impedance matching and radiation patterns thereby permitting design flexibility in the feed location, which have been shown in Fig. 13 and 14 . Besides, Fig. 15 shows that the distance D 1 is related to the impedance matching of the two-port patch antenna, which is similar to the one-port patch antenna [21] . The effect of ground size has also been studied in the multi-port antenna. Fig. 16 and 17 show the effect of ground size on the reflection coefficient and radiation patterns of the two-port patch antenna and traditional patch antenna. It can be found that the proposed two-port antenna have almost the same response with the traditional one-port patch antenna. Particularly, the cross-polarization of the traditional one-port patch antenna is worse when the ground size is larger, while that of the patch antenna fed by two ports keeps low and changes little. It is because of that the current on the ground will be more consistent when multiple feeding ports are placed symmetrically.
C. THREE-PORT AND FOUR-PORT PATCH ANTENNAS
Based on the above analysis, it can be inferred that the antenna performance should be almost the same when more ports are used to feed the traditional patch antenna. To further verify this, the patch antennas with three and four ports are investigated. Fig. 18 shows the structures of the three-port and four-port antennas, it can be seen that the ports are all set symmetrical with the y-axis, similar to the proposed two-port antenna. In Fig. 18(a) , three ports are set in a line with a distance D 3 = 5 mm from the x-axis. The port 2 is in the y-axis, whereas port 1 and port 3 are symmetrical with a distance D 4 = 18 mm from the y-axis. In the proposed four-port antenna in Fig. 18(b) , four ports having a distance It is interesting to find that the impedance bandwidths of the two multi-port antennas are almost the same with that of the conventional one-port antenna, as shown in Fig. 19 . The small frequency shift is caused by the inductance of SMAs. Their reflection coefficients can be also calculated and simulated just like that of the proposed one-port and twoport antennas. It is verified again that the traditional patch antennas fed by multiple ports have a limited effect on the impedance bandwidth. It is because that the bandwidth of patch antenna is mainly decided by its Q-factor [21] . In this paper, dielectric does determine the impedance bandwidth and operation frequency of the proposed antennas, just like the traditional one-port patch antenna [21] . For verification, Fig. 20 shows the effect of the substrate thickness h on the traditional one-port and the proposed two-port patch antenna. The same responses have been observed in the two antennas, as expected. The small frequency shift is due to the inductance of SMAs. It also can be seen in Fig. 20 that the proposed multi-port antenna is suitable in different bandwidths.
It should be mentioned that the effects of the distance D 4 in the three-port antenna and D 6 in the four-port antenna are almost as the same as those of the two-port antenna in Fig. 13 and 14 . So the results are not shown here for brevity. In this way, the proposed feeding method not only can provide flexible power combining, also give another feed location choice.
Besides, measured efficiencies of the proposed antennas with four different numbers of feeding ports are shown in Fig. 21 . It can be found that the efficiencies of four antennas are almost the same, around 70 %. Moreover, if the total input power is set as 1 Watt, the simulated RadiatedPower of the four kinds of antennas are also nearly the same, as shown in Fig. 22 , as expected. The small frequency shift is due to the insertion of the feeding network and the inductance of SMAs.
IV. RESULTS AND VERIFICATION

A. RESULT FOR THE DESIGNED FOUR MULTI-PORT PATCH ANTENNA
To demonstrate the idea, four antennas with a different number of feeding ports are designed and fabricated. It should be mentioned that higher order mode is not generated in the multi-port antenna although the rectangular patch is applied. The photos of the one-port and three-port antennas are shown in Fig. 23 , as an example. In these design, simulated results are obtained by using ANSYS HFSS. Reflection coefficients are measured using an Agilent N5230A network analyzer, while the radiation patterns and antenna gains are measured using a Satimo Startlab System. FIGURE 23. Photos of (a) the traditional one-port antenna, (b) the three-port antenna with the power divider. Fig. 24 shows simulated and measured reflection coefficients and gains for the four antennas. It can be seen from Fig. 24(a) that the measured impedance bandwidth (|S 11 | < t10 dB) for one port is 15 MHz, same with the simulated one. The small frequency shift is mainly due to the substrate instability. With reference to the gain curve, the measured gain within passband is ∼5 dBi. The small gain decreasing is related to the process and measurement system error. Similar results have been obtained for the proposed three multi-port antennas, with the measured impedance bandwidth (|S 11 | < −10 dB) of 15 MHz and gain of ∼5 dBi. Fig. 25 shows measured and simulated radiation patterns for the four antennas. As can be observed, stable radiation characteristics are obtained for the four antennas. Since the power divider is required in the measurement of the multiport antennas while it is not in the simulation, a slight difference in the simulated and measured radiation patterns can be observed and it is reasonable. Due to the power dividers are the traditional Wilkinson power divider, they are not shown here for brevity. 
B. VERIFICATION OF POWER COMBINING IN MULTI-PORT ANTENNA
To further prove the power combining method in multi-port antenna, the results of one-port antenna and two-port antenna integrated with a power amplifier are designed, measured and compared. Fig. 26 shows the photos of the power amplifiers and their integrated measuring systems. A two-way power amplifier with a combiner for one-port antenna are designed as the traditional power combining method for comparison purpose. The other same two-way power amplifiers but without the combiner connected to the proposed two-port antenna are used to prove the power combining method in multi-port antenna. In this comparison, the performance of the one-port antenna and two-port antenna which have been presented in Section III are nearly the same. The two two-way amplifiers shown in Fig. 26 are also the same except the extra combiner. The gains of the two amplifier are shown in Fig. 27 . It can be seen that the gain of 21.5 dB is realized by the two-way amplifier with combiner, while the gains of 19 dB (output gain of 22 dB in total) are achieved for each port of the two-way amplifier with two ports. Due to the same amplifiers are designed in the two-way amplifier, the measured output phase difference of the amplifier with two ports is lower than 1.5 degree, as shown in Fig. 27 . Fig. 28 and 29 show the measured results of the two integrated designs. As can be seen in Fig. 28 , the measured gain of the two-port antenna is better than the one-port antenna in the passband. The stable radiation patterns can be obtained in the two antennas, as shown in Fig. 29 . These results indicate that the power combining can be realized by the proposed multiport antenna method, without degrading the gain and radiation performance. It should be mentioned that the removing of power combiner compared the traditional method is of great significance in on-chip antenna design of millimeter wave and terahertz system.
V. CONCLUSION
Patch antennas with multiple feeds toward flexible power combining have been investigated in this paper. This proposed multi-port antennas can function as not only a planar radiator, but also a power combiner. Without using extra power combiner, the power combining and flexible feed location choices are realized by using multiple ports to excite the patch antenna. It has been shown that the antennas with multiple feeds have a limited effect on the antenna bandwidth and radiation performance. The distance among feeding ports also can be changed to fit different feeding structures without decreasing the antenna performance. Four antennas with different numbers of feeding ports are designed, fabricated and measured. Both the simulated and measured results show that the bandwidth, efficiency, gain and radiation pattern of the four antennas are almost the same. Besides, the results of one-port antenna and two-port antenna integrated with a simple power amplifier are measured and compared to further prove the power combining method in multi-port antenna. It is useful for the applications in the situations of high output power and high line loss, such as millimeter wave and terahertz system.
